L arge proximal nerve defects present a major challenge in the field of peripheral nerve reconstruction. Over the last decade, a number of investigators have studied the usefulness of different biological or synthetic matrices as alternatives to conventional nerve grafts; however, these techniques have limited indications and do not provide regenerative support over longer distances. 8, 24, 31, 34 One problem may be that a growth-promoting environment includes not only physical cues but also a rich spectrum of different growth factors provided by reactive Schwann cells and migrated macrophages.
morbidity and limited availability of grafting material, the functional outcome of this technique is frequently disappointing. A poor outcome may be due to a significant mismatch between axonal numbers, considering that one sural nerve provides only around 5600 mostly small-diameter axons. 5 In proximal nerve lesions, this deficit is most critical given the immense number of nerve fibers that need to be reconstructed. Furthermore, deficient regeneration is believed to be the consequence of a qualitative mismatch in which a sensory graft is used to reconstruct a mixed sensory/motor nerve. It has been hypothesized that robust regeneration of motor axons, especially over long distances, needs motor pathways with adequate epitopes and humoral support. [1] [2] [3] [4] 22 Obviously, this reconstructive goal is difficult to achieve since only a few nerve grafts in the sensory system can be spared, and the situation is even more critical in the motor system. 31 In this report, we present an alternative method of nerve grafting that may overcome this problem: the fascicular shift procedure (FSP). Here, a fascicular group, containing both motor and sensory axons, of the nerve segment distal to the injury site is used to bridge the defect. This procedure has the advantage of "like-with-like" grafting without causing donor-site morbidity and addresses the problem of limited availability of grafting material. The purpose of this animal study was to determine whether the FSP represents a feasible and safe method of nerve grafting and, if so, whether the regeneration outcome is even superior to that of a standard sensory nerve graft.
Methods

Animals
Fifty-five male Lewis rats (Charles River) weighing approximately 250 g were used in this study, following the guidelines of our ethics committee. The animals were maintained on standard rat chow (Ssniff) and water ad libitum with a 12-hour light-dark cycle and standardized housing conditions. Each cage (size Type IV) housed a maximum of 4 rats. All animals received humane care in compliance with the principles of laboratory animal care as recommended by the Federation of European Laboratory Animal Science Associations (FELASA). 13 Prior to the study, approval was obtained from the ethics committee of the Medical University of Vienna and the Austrian Federal Ministry of Science and Research (Bundesministerium für Wissenschaft, Forschung und Wirtschaft [BMWFW]).
Each intervention was performed with the animal under general anesthesia. Anesthesia was induced using 1 ml/kg BW of Ketasol (ketamine) and 0.05 ml of Rompun (xylazine) administered intraperitoneally and maintained with 1.5% isoflurane inhalation. The animals were shaved and washed with an antiseptic solution after positioning for surgery. All surgical procedures were done under sterile conditions. Animals recovered in a warm environment. Preoperative pain was managed with Dipidolor injections (3 mg/kg BW of piritramide, subcutaneously). For pain relief on the initial postoperative days, the drinking water was mixed with Dipidolor and glucose (2 ampoules of Dipidolor [= 30 mg of piritramide] + 10 ml of 10% glucose solution in 250 ml of drinking water).
Experimental Outline
Five groups were established ( Fig. 1 ): One negative control group (A) and 3 positive control groups (B, C, D) were compared against the experimental group (E). In all groups, a critical nerve defect of 15 mm was created. In Group A, there was no repair. In Groups B, C, and D, the defect was reconstructed with a mixed, sensory, or motor nerve graft, respectively. In Group E, the nerve defect was reconstructed with a fascicular group harvested directly distal to the defect. To minimize the strain on animals in the positive control groups, we obtained the nerve grafts from 10 donor animals.
The nerves were allowed 12 weeks for regeneration. This time period guaranteed full recovery. 18, 38 The animals were then reanesthetized so that we could perform force measurements and retrograde double labeling to quantify regenerated axons after nerve repair (Fig. 2) . Force measurements were performed to evaluate functional outcome. Directly after the force measurements, the tibial nerve (TIB) and common peroneal nerve (CP) were transected distal to the reconstruction site with the proximal end inserted into either Fluoro-Ruby or Fluoro-Gold solution (Fluorochrome LLC), respectively (this alternated between animals to avoid sampling bias). At the same time, specimens for histomorphometry were sampled from the distal stump. After sampling, wounds were closed. Four days later, the animals were sacrificed by perfusion with formalin, and the spinal cord and dorsal root ganglia were harvested.
Surgical Procedure
Surgical procedures were performed by a single operator (M.H.) using standard microsurgical techniques under an operating microscope (Varioskop, Zeiss). The sciatic trunk was exposed on the right side via a transgluteal approach at the posterolateral aspect of the thigh and through the interval between the superficial gluteal muscle and the biceps femoris muscle. In all rat groups, a segment of the sciatic nerve was excised just distal to the sciatic notch and removed to create a 15-mm defect. In the negative control Group A, there was no repair and the nerve stumps were left in situ. In Group B, the defect was reconstructed using an isogenic mixed fascicular group harvested from a donor animal. This fascicular group was obtained by interfascicular neurolysis from the sciatic nerve. In Group C, a segment of the saphenous nerve was used for reconstruction. The animals of Group D received the motor branch of the femoral nerve as graft. To obtain the grafts for Groups C and D, a groin incision was made to expose the femoral neurovascular bundle. In the experimental Group E, a fascicular group was dissected from the sciatic nerve, excised over a length of 16 mm directly distal to the gap, and inserted into the gap (Fig. 3) . Nerve coaptation was performed with two 10-0 epineural sutures for each suture site (Fig. 4) .
Functional Muscle Testing
For the analysis of muscle force, the sciatic nerve was exposed. Proximal to the point of reconstruction, a cuff electrode was placed around the sciatic nerve. To obtain the force of muscles innervated by the TIB as well as the CP, the distal tendon of the tibialis anterior muscle and the gastrocnemius muscle, respectively, were exposed and connected to the force transducer consecutively. The muscles were assessed by supramaximal nerve stimulation. The pulse duration was fixed at 0.1 msec, with constant voltage. To determine the maximal force, the individual stimulation parameters were identified iteratively (0.1-10 mA, 10-100 Hz). The signals generated by the force transducer were passed through an amplifier and displayed on an oscilloscope.
FIG. 1.
Study design as regards nerve grafting technique. Drawing of 5 segments of the sciatic nerve with a 15-mm nerve defect and the group-specific nerve reconstruction plan. The thin gray line indicates the 2 fascicles of the sciatic nerve (tibial and common peroneal fascicle). The sural nerve is not shown. Forty-five Lewis rats were randomized into 5 groups. Ten additional rats were used to harvest the required donor nerves. n = number of rats; prox. = proximal. 
Histomorphometry
After the muscle force analysis, the sciatic nerve was separated from surrounding tissue to inspect the whole reconstruction site. Distal to the injury site, the TIB and CP were transected. Nerve biopsy specimens of the TIB and CP were harvested, immediately immersed in a 2.5% solution of glutaraldehyde buffered with cacodylate, stained with 4% osmium tetroxide, and embedded in epoxy resin. Semi-thin sections were obtained using an ultramicrotome (Leica). The sections were stained with 1% paraphenylenediamine in absolute alcohol and examined under light microscopy (Nikon). The morphometric measurements of all sections were performed using a semiautomatic image analyzing system (NIS Elements). Gross morphometric measurements were obtained at a magnification of ×20; detailed measurements, at a magnification of ×60. To minimize operator-dependent errors, only one person analyzed the cross sections.
Retrograde Labeling
For the simultaneous double labeling, the transected proximal nerve stumps were put into a Vaseline well filled with Fluoro-Gold or Fluoro-Ruby. To avoid bias due to the different penetration of the stains, the Fluoro-Gold and Fluoro-Ruby were alternated from one animal to the next, meaning the TIB was gold for every second animal and red for every other. After 1 hour of absorbing the stains, the Vaseline wells were removed and all wounds were closed. After 4 days to allow retrograde transport, the animals were anesthetized and perfused with 150 ml sodium chloride and 150 ml 4% paraformaldehyde (PFA) solution. The spinal cord was harvested and fixed in 4% PFA for 24 hours. The specimens were postfixed with 30% sucrose buffered in 4% PFA overnight. Spinal cord segments were embedded in tissue freezing medium (Tissue-Tek). Using a freezing microtome (Leica), we cut the spinal cords into 20-μm sections. Motor neurons were quantified under an epifluorescence microscope (Nikon) at a magnification of ×40 (Fig. 5) . To minimize operatordependent errors, only one person analyzed the cross sections.
Statistical Analysis
Descriptive statistics were obtained for motor neuron pool numbers, histomorphometric data, and functional muscle evaluation. With a nonparametric test, the samples were tested for normality of distribution (maximum likelihood method for estimating the mean [μ] and standard deviation [s], Kolmogorov-Smirnov test for assessing goodness of fit). The samples showed homogeneity of variance. A 1-way ANOVA and post hoc test were performed. Correlations (r) among motor neuron number, histomorphometric data, and functional muscle evaluation were evaluated using Pearson's correlation. For statistical analysis, the SigmaStat software package (SPSS Inc.) was used. A p value of 0.05 was significant.
Results
Retrograde Labeling
In retrograde labeling, the total amount of regenerated, stain-labeled neurons of the spinal cord was taken into account (Fig. 6) . The counts of Groups B (1490.43 ± 794.80), D (1720.00 ± 866.421), and E (1958.75 ± 657.21) were statistically equivalent (p < 0.95). In comparison with the level in experimental Group E, neuronal regeneration in Group C (1263.50 ± 538.90) was reduced by one-third. Given the small sample sizes of the groups, this difference was found to represent a statistically verified tendency at a level of p < 0.1. In the negative control Group A, spontaneous nerve regeneration was very diffuse without the development of bundles, so that precise staining was not feasible.
Functional Muscle Testing
Muscle force measurement (Fig. 7) showed an impressive functional advantage after reconstruction using a mixed graft compared with a sensory graft. Regarding the tibialis anterior muscle (and with it the regeneration of the CP), Group B (22.68 ± 12.67 mN) achieved a 3-fold increased maximal force compared with Group C (10.22 ± 8.80 mN). This was a significant difference at a level of p < 0.05. Groups D (17.80 ± 14.89 mN) and E (19.97 ± 13.01 mN) were in the upper midfield and at a significance level of p < 0.01 were superior to Group A. The same trend as described in retrograde labeling was found in functional muscle testing. The muscle force of Group E was superior to that in the sensory Group C at a level of p < 0.1. The negative control Group A showed minimal force measure- 
FIG. 6.
Results of retrograde labeling showing the mean motor neuron counts (total amount of stain-labeled neurons in the spinal cord). The experimental Group E (FSP) performed significantly better (p < 0.05) than the negative control Group A and was statistically equivalent to Group B (mixed graft). Motor neurons in Group C (sensory graft) were reduced by one-third compared with levels in Group E, which represents a statistically verified tendency at a level of p < 0.1. Error bars indicate the standard deviation. ments that were of no functional value (0.34 ± 0.56 mN). Two animals in Group A and 1 animal in Group C showed complete denervation of the tibialis anterior muscle. Tables 1 and 2 show the quantitative results of the histomorphometric analysis. In summary, all reconstructed groups revealed successful regeneration for both the TIB and CP with no statistically significant differences.
Histomorphometry
Detailed Comparison of the Mixed Graft and the Fascicular Shift
Group B (mixed graft) was compared with Group E (FSP) to evaluate the effect of the partial defect elongation induced by harvesting a fascicular group distal to the repair site (Fig. 8) . Although the regenerating CP in Group E had one more barrier to overcome than in Group B (namely the site of fascicle harvesting distal to the primary nerve defect), the outcome for the CP was equivalent in the 2 groups. None of the analyses revealed impaired nerve regeneration. Both branches of the sciatic nerve were regenerating, although the common peroneal fascicle was used for reconstruction in the FSP.
Discussion
Peripheral nerves are the gateway between the brain and the end organs in the body; they provide routes for both sensory and motor information to be relayed. When these pathways are damaged, severe loss of function occurs. Nerve reconstruction has been attempted using nerve grafts since the late 19th century 9 but with limits in both quantity and quality. We were able to show in this study that the FSP is a successful alternative to nerve reconstruction, providing both a sufficient amount and quality of nerve tissue. This is demonstrated through our investigation of the different aspects of nerve regeneration and our comparison of the FSP method with the other established methods of nerve repair including sensory, motor, or mixed grafting.
Early 20th century attempts at nerve grafting focused There is no statistically significant difference between the reconstruction groups (B-E) in this analysis.
on saving viable nerve tissue while transplanting single fascicles, with limited functional outcomes. 7, 17, 20, 33, 36 While these early studies were not successful, investigators recognized that conserving healthy nerve tissue was critical to the final nerve repair. After both world wars, which required increased creativity in peripheral nerve surgery, new ways of nerve transplantation were explored, leading to more effective and sophisticated approaches of nerve grafting. 10, 26 Unfortunately, at the time there were no structured studies, and most reports consisted of single-case studies that provided no basis for further investigations. MacCarty, for instance, bridged a lesion of the sciatic nerve by shifting a fascicular group harvested proximally from the primary defect. 19 This 2-staged procedure resulted in successful regeneration, but with a prolonged healing process.
During the second half of the 20th century, the research focus shifted toward artificial grafts. 8, 21, 31, 34, 35 However, these methods have not been clinically successful for long defects either, 8, 31 and the problem of nerve reconstruction remained unchanged, namely limited available transplant material. This is a particular problem in large proximal nerve defects, which are difficult to reconstruct due to the major cross-section dimension and the length of the defect. However, modern microsurgical techniques and increased understanding of the biology of nerve regeneration have improved the manner in which nerve grafting is performed. 6, 26, 39 Maria Siemionow was the first to restart research into single-fascicle grafting and applied this paradigm in the first structured rat models. 30, 32 This research demonstrated that single-fascicle grafting was a feasible method of nerve reconstruction that allowed reduced donor-site morbidity and increased material availability. 27 Subsequently, Koshima et al. successfully showed that single fascicles from the proximal and distal stump of the injured nerve could be used to reconstruct a nerve gap. 16 The study presented here is a continuation of our previous work demonstrating that a single fascicle provides enough guidance for successful regeneration within the sensory system. 37 This finding is also reflected in the histomorphometric data of the present study, revealing no statistical difference in fiber counts among all reconstructed groups. Even though the concept of specific motor and sensory Schwann cells is disputed, data from both our previous study and the present study clearly demonstrate that motor axons are more likely to regenerate in the same physical and trophic environment as that provided by a modality-matched graft. Furthermore, there are ample data indicating that these entities do indeed exist and that modality-matched grafts do make a difference in nerve regeneration. [1] [2] [3] [4] 21, 22 The FSP provides such grafts harvested directly from the distal segment of the injured nerve, thus bypassing 2 difficulties at once: the sacrifice of a second nerve and mismatched-modality grafting.
The main finding of our study is that the FSP is superior to the gold standard of sensory grafting in terms of nerve regeneration. This finding has been confirmed in two ways. First, the motor neuron counts prove a numerically superior regeneration with the FSP as compared with sensory nerve grafting. Second, the muscle force measurements indicate impairment of the neuromuscular unit following sensory grafting, with deferred excitability and reduced maximal force. Furthermore, the FSP not only provided qualitatively adequate donor grafts, but also a high number of axons, which likely contributes to the good regeneration properties. This is reflected by the histomorphometric data (Tables 1 and 2 
.).
A critical issue was the assessment of potential donorsite morbidity induced by the partial defect elongation. From a surgeon's perspective, the most important objective is to preserve healthy tissue to achieve optimal recovery of motor function. Therefore, taking healthy tissue from the distal nerve to repair the original deficit may be viewed as simply creating another deficit in a different location. Our results show this to be false. Firstly, the muscle force and the motor neuron counts after the FSP were equivalent to those of the mixed nerve graft. This is direct evidence that the manipulation of the distal nerve stump did not hinder regeneration. Secondly, as was demonstrated by all investigations, continuity of nerve repair was restored in both the TIB and the CP after the FSP. This phenomenon can be explained by the concept of side-to-side repair, showing that nerve regenerates alongside its healthy nerve graft and is finally capable of deviating into the distal portion of a loose nerve end. 23 This suggests that inherent physiological processes use the transplanted graft as a guide for nerve regeneration.
Current understanding of nerve regeneration suggests that normal nerve architecture distal to the defect is dissolved so that the absence of one fascicle or even an entire fascicle group does not further impair regeneration. The finding that continuous nerve regeneration occurred even after a portion of the distal stump was translocated highlights the need to review the role of the distal nerve stump as a signal source and a structural matrix in the process of nerve regeneration.
As the distal stump of an injured nerve undergoes Wallerian degeneration, nerve regeneration does not only mean rewiring nerve fibers, but also renewing the entire distal axonal pathway. This is a highly complex process, as reviewed elsewhere.
11 Even after a nerve injury of the axonotmesis type (Sunderland II), where the perineurium and/or endoneurium are preserved and only the continuity of the axons is lost, nerve regeneration still results in a defect that heals with reduced nerve conduction velocity. 25 Responsible for this impairment is a reorganization process that leads to shortened internodal segments, the formation of mini-fascicles, the development of scar tissue, and a decreased diameter of the axons. Regardless of the severity of the injury, the endoneurium together with its surrounding Schwann cells acts as a consistent structural matrix and signal source, shepherding axonal regeneration around the formation of scar tissue. After the ingrowth of axons, reactive Schwann cells migrate and form new myelin sheaths surrounding the axons, completing the regeneration process. The FSP takes advantage of this inherent physiological process by maintaining the presence of Schwann cells and a portion of the endoneurium to successfully guide the regeneration of nerve fibers. Finally, it has been suggested that axons need a type-specific (sensory/motor) physical and humoral environment that is provided by specific motor/sensory Schwann cells, which would also be provided in our reconstructive paradigm. In standard brachial plexus repair, "predegenerated nerves or nerve segments" distal to the lesion are often used. This may be the medial brachial and/or antebrachial cutaneous nerves and, in cases of lower root avulsions, the entire ulnar nerve. In fact, the concept of predegenerated nerve grafts with activated Schwann cells and empty tubes has been suggested to improve rather than hinder regeneration. 6, 15, 29 Finally, there is ample evidence that reactive Schwann cells and macrophage activity play an essential role in nerve regeneration. 12, 14, 28 In summary, this experimental study shows that a nerve segment distal to the injury can provide graft material to reconstruct a defect. A limitation of this study was the standard deviations of the muscle force measurements, which would have probably provided significant results with a larger sample size. In this study we investigated acute peripheral nerve injuries in rats, not delayed injuries that lead to muscular atrophy and not human nerve injuries. Hence, further clinical studies may be required to verify our promising results. We believe that the approach of using a fascicular group as a graft has the potential to reduce donor-site morbidity as well as the problem of limited availability of grafting material and provide modalitymatched grafting.
Conclusions
Overall, the idea of the FSP is to "shift" one fascicular group from a distal segment of the injured nerve to the defect site. This procedure has 2 main benefits: First, local harvesting of the transplant avoids affecting another nerve. Second, the composition of motor and sensory fibers is maintained. Thus, any quantitative and qualitative mismatch between the recipient nerve and the transplant is avoided, and the supreme principle of reconstructive surgery is achieved, that is, to replace like with like. The main finding of this experimental study is that the FSP is statistically superior to a standard sensory graft in terms of motor recovery. Furthermore, manipulation of the distal nerve stump does not interfere with nerve regeneration. Therefore, the FSP can be an attractive alternative in the reconstruction of large proximal nerve defects, as is often required in brachial plexus surgery, or in the reconstruction of nerve trunk defects.
